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TWO-DIMENSIONALHIGH PRECISION THERMAL NEUTRON DETECTOR *
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A position resolution of 1.3 mm (fwhm) and integral non-linearity of 0.. is achieved in a two-dimensional 18X 18 thermal
neutron detector. The gas proportional detector operates at a moderate pressure (5-6 atm) with a mixture and at very low
required avalanche gain 30) by virtue of the high precision centroid finding position readout. 

1. Introduction

Two-dimensional position sensitive detectors are 
being increasingly used in neutron diffraction experi-
ments for determination of molecular and crystal struc-
tures in biology, solid state physics and polymer chem-
istry. Position sensitive detectors for neutrons in the 
wavelength range from 1.8 25 “thermal
neutrons”) to about 8 A 1.2 “cold” neu-
trons) require a high detection efficiency for neutrons
and a low efficiency for background y-rays, high uni-
formity of efficiency, good position resolution at count-
ing rates of up to - s-’, high position accuracy, 
little scattering in the entrance window, and stable 
maintenance free operation over long periods of time.

Detectors built at BNL according to the original 
development reported previously [ have been operated
successfully as part of facilities for biological research at
the High Flux Beam Reactor.

Recently, we have made some substantial improve-
ments in all of the detector characteristics listed above. 
The advances which have made this possible are in two
areas: (1) a new method has been developed for position
sensing, and (2) new gas mixtures have been explored,
allowing higher position accuracy and resolution at lower
gas pressures. A new detector based on these advances 
is described in this paper.

Some basic considerations in the design of two-di-
mensional neutron detectors are given in ref. 1, where
the choice of the neutron induced reaction and the
detection method are discussed.
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For quantitative neutron diffraction experiments, 
where position accuracy, uniformity of efficiency and
stability of response are of utmost importance, gas
proportional detector - properly applied - are the most
suitable so far. Our neutron detectors are based on the 
ionization produced by the charged-particles from the 
reaction +n +p +0.764 MeV. Some alterna-
tive approaches are described in refs. 5, 6 and 7.

A principal problem of gas detectors, combined with 
conventional position readout methods, is that the high
avalanche size (usually in the one picocoulomb range) 
required for good position resolution results in impair- 
ment of several important detector characteristics. As
the gas gain and the avalanche size are increased, the 
space charge thus created causes a nonlinear energy
response. This results in poor energy resolution and an 
overlap between amplitude distributions for gamma rays 
and neutrons, which precludes their separation. Further-
more, at high gas gains the nonuniformity of the gas
gain over the detector area increases (for a given non-
uniformity of parameters of the detector electrode 
geometry). This and the poor energy resolution make
the attainment of a high uniformity of efficiency and of
stable operation difficult.

We have resolved this problem by development of a
much more sensitive position readout method which
allows a much lower avalance size - in the range of less
than one tenth of a picocoulomb. With a total energy of
764 of the proton and triton released in the neutron 
induced reaction, the primary ionization in gas is 3 X

ion pairs. The readout requires a gas gain of only
about 20-30, where the adverse effects of charge multi- 
plication and the space charge are negligible.

We have reported the high precision position sensing
method previously The principle of this method is 
illustrated in fig. In this method the centroid of
charge induced on the position sensing electrode is
determined by convolution of the sequentially switched
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Fig. 1. Principle of the centroid finding method by convolution. 
Readout grids (marked as "cathode and "cathode are
connected to their resistance chains. Preamplifier outputs from
the subdivided resistance chain are switched sequentially into
the centroid finding filter. Zero crossing time is a continuous 
linear function of the position (or of the induced charge
over the whole detector. Noise from only three outputs affects
the result of this measurement. 

outputs from a subdivided resistance chain with a linear
centroid finding filter. The method achieves a high
absolute position accuracy and a high position resolu-
tion with small avalanche charge by virtue of a number
of signal outputs from the detector, by the subdivi-
sion of the detector. Yet this readout provides an output 
which is a continuous linear function of the position 
over the whole detector. The readout system for this 
detector is described in some detail in ref. 3.

The electrode geometry of the detector is illustrated 
in fig.2. There are two orthogonal readout grid planes
between the anode plane and the cathode planes. These 
grids are connected to the position readout as shown in 
fig. 1. Neutrons enter the chamber through an aluminum
window, which has to be of sufficient strength to withs-
tand the gas pressure. The energetic reaction products 
(proton, 573 and triton, 191 are emitted in 
opposite directions. We measure the centroid of the
ionization produced. Due to the large difference in 
energy and range of the proton and the triton, the 
ionization centroid is displaced from the interaction 
point. This is a fundamental limitation to the measure-
ment resolution. The position resolution limit is thus 
determined by - besides the electronic noise in the 
position readout - the stopping power of the gas for the 
charged particles. 

It is obvious that the gas filling has to satisfy a
difficult set of requirements: (1) high detection ef-
ficiency for neutrons; (2) high stopping power for
charged particles; (3) low conversion efficiency for
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Fig. 2. Schematic representation of the electrode geometry of the 18X 18 two-dimensional position sensitive detector. Spacing 
between adjacent is d =3.6 mm; thickness of the active region is 4d =14.4 mm; anode wire pitch is mm;
readout grid pitch is 1.27 mm. Thickness of the aluminum window for a total pressure of 10 atm is -9 mm.
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gamma rays; (4) good properties for charge amplifica-
tion; (5) it must satisfy (1) and (2) at a low overall
pressure; and (6) it must be suitable for circulating
purification. A study of gases has resulted in a 

mixture, which is compatible with these require-
ments. This gas mixture should also be operated at a
low avalanche charge in order to reduce organic mole-
cule decomposition and formation of deposits on elec-
trodes. This is consistent with the centroid finding posi-
tion readout. These two steps combined result in signifi-
cantly better position sensitive neutron detectors.

On an 18X 18 detector, a position resolution of
1.3mm (fwhm) has been achieved at a total gas pressure 
of and with an absolute position accuracy of
better than 1 part in 

The choice of gases is discussed in section 2. The
electrode geometry and the detector construction are
described in section 3 and in figs. 2-4. The circulating
gas purifier is described in section 4 and in fig. 5.
Position readout and noise limited resolution are dis-
cussed in section 5 and in figs. 6 and 7. The position
resolution function, due to a long range of charged
particles, is discussed with the resolution measurement 
results in section 6 and in figs. 8 and 9. Position
accuracy considerations and measurement results are
given in section 7 and in figs. 10 and 11. The centroid
finding' filter is described in the appendix and in figs. 12
and 13.

2. Choice of gases

He is the most suitable neutron sensitive ingredient 
of the gas filling. Its favorable properties are a high
neutron cross section, chemical inertness, and good
behavior in proportional detectors at pressures.
The pressure and the detection medium thickness 
are usually selected for a neutron detection efficiency of

depending on the neutron wavelength. A wave-
length range of interest in diffraction experiments is
between 1.82A and 8 A. The cross section for neutrons
at 1.82 is 5330b and at 8 it is 2.4 X b. One
to six atmospheres of are usually required with an
active thickness of the detector of 1-1.5 cm. The disad-
vantage of are its cost, and its high rate of diffusion
through certain materials. The former makes a closed
gas system mandatory, and the latter requires attention
to the design of a very tight detector enclosure. 

by itself is not sufficiently dense at reasonable
working pressures to stop the proton and the triton
from the reaction within a distance short
enough for good position resolution. Thus another in-
gredient is needed in the gas mixture whose function is
to stop the charged particles from the nuclear reaction. 
Argon has been commonly used in detectors, as 
well as in some of our previous detectors. With about

4 atm of argon, the position resolution is limited by the 
range of the charged particles to about 2mm (fwhm).
Stable operation of the detector in the proportional
amplification mode requires a quenching gas. or
CH, at 5-10% of the total pressure of the mixture have 
been the most common gases used. is not conveni-
ent for a closed gas mixture, since it is absorbed by the 
purifier. These mixtures (typically 4-6 atm +4 atm
Ar +0.5-1 atm CH,), while having been used success-
fully, require high gas pressures to achieve good posi-
tion resolution. In particular, at a total presure of 10
atm, frequently needed with argon-helium mixtures, the 
design of gas enclosures for larger detectors becomes 
very difficult.

As a result of a study of various gases to reduce the 
charged particle range, to reduce the gamma ray conver-
sion efficiency, and to reduce gas pressure, argon was
replaced by propane Propane about 2.7 times
more effective in reducing the charged particle range. In
this case, propane at - 1.5 atm is equivalent to argon at

This results in a lower gas pressure at equal
position resolution. With a moderate increase in pres-
sure - still below the argon pressure - an even better
position resolution is achieved, as will be shown in 
section 6. Propane also acts as its own quencher, and it 
is compatible with the purifier. It has a lower Z than
argon, and thus its efficiency for gamma rays is lower. 

The relation of the propane pressure and the posi-
tion resolution is discussed in section 6. An approxi-
mate relation useful for design purposes can be de-
scribed as, 

mmatm.

As the pressure of propane is increased, the maximum 
avalance charge before the onset of degradation in
energy resolution decreases. The required detector volt-
age increases. 

The upper limit for the avalanche charge is de-
termined by the energy resolution required. Amplitude 
spectra for neutrons and gamma rays as a function of
avalanche charge for 2.5 atm of propane are given in 
fig.6. For an adequate separation of neutrons from a
gamma ray background, the avalanche charge (mea-
sured in l should not exceed (5-6) X electrons
for this gas mixture. 

Thus this gas mixture has only two components,
and Their partial pressures can be determined
independently on the basis of the neutron wavelength
and the detection efficiency for and of the position 
resolution for For example, a mixture of

1.5 atm (total pressure 5.5 atm) in the
detector with an active thickness of 14.4 mm will have
an efficiency of 85%for 4 A neutrons, and a position
resolution fwhm 2 mm.

In our studies of the properties of heavy gases
position resolution vs propane pressure) and for initial 
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detector tests after their construction is completed, we
have used temporary (expendable) gas mixtures where 
most of is replaced by (which has identical
properties as a proportional detector gas), and a small
amount of provides the sensitivity for neutrons 
needed for the tests.

3. Electrode geometry and detector construction

The electrode geometry of the detector is illustrated 
in fig. 2. It consists of two wire grid planes for position 
readout of induced charges, centered between the anode 
and each cathode. The readout grids are oriented one
parallel (grid Y ) and one orthogonal (grid X ) to the
anode wires. The readout grids are at ground potential,
in order to avoid the necessity for high voltage coupling 
capacitors to preamplifiers. Consequently, the anode 
plane is at a positive high voltage and the cathodes are
at a negative high voltage. The electric field in the
cathode-grid drift spaces is somewhat lower than in the
grid anode spaces in order to avoid collection of elec-
trons from primary ionization on the readout grids. All
electrode planes are terminated at their boundaries with
wires of larger diameters to avoid increased electric field 
at the end wires which would cause electric discharge. 
The anode plane wires are all connected together to
obtain the total energy signal, which is used for neutron
discrimination and for gating of the position readout. 
The readout grid wires are attached to printed circuit
boards and interconnected with resistors in groups of
two. The taps on these two resistance chains are brought
out of the detector enclosure and connected to the
preamplifier. The electrode structure is shown in photo- 
graphs, figs. 4a, b, and c.

The electrode planes are built up on a flat glass plate
6.4 mm thick, which is covered with evaporated copper 
serving as cathode 2. Grid X first, the anode wires
second, and then grid Y, are laid on fiberglass
bars of appropriate thickness each having a printed
circuit top. The distance to the front cathode, the
window, is set by the spacer plugs. The entire electrode
assembly is pressed against the window-pressure vessel
by four springs located beneath the glass plate, while its
lateral position is maintained by guide bars. 

The whole detector is shown in fig. 3. The circulating
pump, gas purifier, pressure indicator, safety relief, fill-
ing valves and signal processing electronics are mounted
on the rear of the plate supporting the detector en- 
closure. The enclosure consists of a thick base plate (30
mm) which carries the electrode structure, as shown in
fig. and of a front cover which contains the window 
and cathode 1 as shown in fig. The enclosure is 
designed for a working pressure of 8 atm, and is made 
of aluminum. The two parts of the enclosure are
held together by hardened steel bolts. The seal between 

,

Fig. 3. Two-dimensional high precision detector for thermal 
neutrons with an active area of 18X 18 Most of the
electronics for the centroid finding position readout is on the
rear side of the detector. Gas purification system is also shown
in this figure. (Between the detector pressure vessel and the
electronics is a part of the neutron shielding.)

the two parts is by means of two concentric helium 
resistant O-rings, fig. All electric and gas
feedthroughs are doubly sealed. They are sealed individ- 
ually on the inside of the base plate by a low vapor
pressure epoxy, and on the outside by an O-ring for 
each group of 8 pins for electrical connections. This 
provides a sufficiently tight enclosure so that no signifi-
cant decrease in pressure due to helium leakage was
observed after one year.

The front cover has a square recess of 20 X 20
on the outside to provide a 9mm thick window for the
neutrons. Since the interior of the window serves as a 
base for the front cathode it has to be flat to within
about one percent of the anode-cathode spacing 70

Larger deformation would result in noticeable
nonuniformities of the detection efficiency and the gas
gain. The window deflects by about 0.2 to 0.3 mm in the
center under gas pressure of The inner window
surface was machined while under a similar load ap-
plied mechanically, in order to achieve the required
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.

Fig. 4. Electrode system of the detector shown in fig. 3. (a)
Anode and grid wire planes. Resistive chain is visible for the
readout grid y . Connection leads from subdivision nodes on the
resistance chain (fiducial points) to feedthrough connections
can be seen for both coordinates. (b) Detail of the anode and
the two readout grid wire planes and their supports. (c)
Window-pressure vessel cover with insulated cathode 1.

flatness under pressure. Cathode 1 was then made by
coating the window with a 60 thick flexible insulat- 
ing layer of Parylene C (made by Union Carbide 
and by evaporating a copper electrode on it (- 1
thick). (This is an example of the window design for the 
maximum gas pressure anticipated.) 

The window thickness of 9 mm results in some neu- 
tron scattering (about 7% at for example). The
required gas pressure and the window design is de-
termined by the neutron wavelength and detection ef- 
ficiency (partial pressure of and by the position
resolution (partial pressure of

4. The circulating gas purifier

The high price of (over $150 per liter) implies a
closed gas preserving system. The gas circulating purifi- 
cation system (see figs. 3 and 5 ) consists of a container 
with a filter and absorber material which can be regen-
erated and a bellows pump, all operating at the detector
gas pressure. 

The purifier permits wide choice of chamber con- 
struction materials not normally allowed in a “clean”
chamber. In this case or FR5 fiberglass, printed
circuit boards, as well as a number of metal film resis- 
tors in the resistance chain for position readout were
included without adverse outgassing effects during 14
months in this detector and for several years in others.
The purifier also has to remove the normal gas contami-
nants like water vapor, oxygen, and other
tive impurities. During the operation the decomposition 
products of the organic gas and the polymerization 
products, caused by the avalanche, should be removed 
to minimize deposits on the electrodes and to ensure the 
stability of operation. While a higher rate of deposit
formation should be expected with propane mixtures
than with argon mixtures, the much lower avalanche
charge and the very low gas gain used here should keep 
this rate low.

The purifier, which can be reactivated, consists of a
stainless steel cylinder filled for one half of its length
with (Fisher Scientific Co., Fair Lawn, NJ
07410) which acts mainly as an oxygen absorber. The
other half is filled with a molecular sieve material,
pore size 3 mainly for water absorption. The molecu-
lar sieve also traps some polar and other molecules.
Mechanical filters close the cylinder at each end. The 
purifier is activated with a mixture of argon + 5 % H,,
while at 200°C for a few hours, and subsequently
pumped out. Several years of operation are estimated
before reactivation is required.

The choice of chamber gases is also limited by the
purifier materials since permanent poisoning of the
purifier, or excessive absorption of the working gas is
undesirable. In the case of the mixtures + argon +
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Fig. 5 . Gas circulating pump. The main components of the pump are (from left to right): ferrite core electromagnetic drive, flange, 
gasket, bellows and soft iron disk with a resonance frequency of 60 Hz, reed valve plate, flange and the purifier container.

methane, which we used previously, there was negligible
methane absorption. In the present case of +
the absorption and release of the propane is significant 
and the equilibrium is temperature-dependent. In the
interest of stability of the gas gain during experiments, 
it is advisable to maintain the detector temperature 
within

The circulating fig. 5, is enclosed by a pair of
stainless steel Varian flanges (diameter 11.4 cm). One
flange which carries the intake and outlet tubes has a
small slot inside to connect the incoming gas to the
volume between the two flanges. Attached to this flange 
is a reed valve plate with Teflon gaskets inside stainless 
steel bellows (both obtained from Metal Bellows Co.,
Sharon, MA 02067). The original bellows part was
modified and provided with a screw connection to a soft 
iron disk, 50.8 mm in diameter. The thickness of the
disk is adjusted to about 6.3 mm so that it resonates 
with the bellows at 60 Hz. The other enclosing flange is 
hollowed out to a thickness of 1.5 mm. It accommodates
the end of the bellows and the iron disk and leaves a
free distance for an amplitude of oscillation of 1.5 mm.
The pump is driven through the thin part of the flange
by an external electromagnet supplied by 6.3 V at 60 Hz 
through a half-wave rectifier. The pumping speed is 1-2

and it takes about 2 for one cycle of gas
through the detector volume.

.

5. Position readout and noise resolution

Fig. 1 illustrates the readout method. A brief
summary of the method is as follows. The anode plane 
of wires is centered between two orthogonal position 
readout grid planes of wires. The grid wires are shown
in this illustration connected in groups of three, forming 
in effect strips. The strips are interconnected by a chain 
of resistors. Low input resistance amplifiers are con-

nected to the resistance chain at intervals determined by 
signal and noise considerations, thereby subdividing the 
readout grid plane. Electronics for each subdivision 
consists of a charge sensitive preamplifier, followed by a
time variant filter. Sample and hold circuits provide a 
stored measure of induced charge on each subdivision. 
The subdivision samples are sequentially switched into a
centroid finding filter. The filter provides an accurate
centroid measure, here a zero crossing time. This filter 
has the desirable property of including signals and noise
only from subdivisions containing centroid information
and thereby minimizes the line width broadening due to 
electronic noise. The line width varies with the number
of subdivisions as The weighting function and
the signal response of the filter are shown in the figure. 
The switching sequence and digital timers for each axis 
share a common clock and are started synchronously.
The zero crossing from the centroid filter of each axis 
stops the timers. When one, and only one, zero crossing 
in each axis is detected the digital position information
is transferred into the data collection system. 

This method described fully in ref. 2. The signal
processing and the position readout electronics are de-
scribed in ref. 3, and further details on the centroid
finding filter are given in the appendix of this paper. In
this section we discuss the position resolution limit due
to electronic noise, and we determine the number of
subdivisions and the signal processing time. 

An appropriate relationship for the noise limited 
position resolution has been described and verified by
measurements using a detector simulator The rela-
tionship is given by
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where is the form factor for parallel noise of the
charge measurement filter, a,, is the combined form 
factor for the subdivision method and the centroid 
finding filter, k is Boltzmann's constant, T is the abso- 
lute temperature, is the charge measurement (filter 
shaping) time, is the time constant for one section
of the subdivided diffusive RC line (comprised of the
readout grid capacitance and the resistance chain), is
the detector length, N is the number of subdivisions and
Q, is the charge induced on the readout grid measured 
in time A detailed analysis of the position resolution 
in centroid measurements is presented in ref. 4.

Referring to measured amplitude distributions for
neutrons and gamma rays we note that for
stable, long-term operation with good neutron-gamma 
discrimination and uniform detection efficiency, while

K V K V

4 8 x

Fig. 6. Amplitude spectra for neutrons and gamma rays as a
function of the avalanche charge. The peak is due to thermal
neutrons the resulting proton and triton pairs), and the
low energy portion of the spectrum is due to gamma rays. The 
separation between neutrons and gamma rays decreases with
increasing avalanche charge. The gas mixture is atm)

atm) and atm). The avalanche charge is
measured in 1ps. - is the potential difference between
the anode and the cathodes 1 and 2 in fig. 2.
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allowing some gas gain variation, an upper limit for the
avalanche charge of about 6 e (in 1 ps) is ap-
propriate. Approximately 40%of this charge is available
on each readout grid. The readout grid capacitance, 
is - 150 and the length of the detector is 183 mm in
each direction. The noise limited resolution chosen to be
consistent with the limit due to the displacement of the
ionization centroid is mm (fwhm) for the X direc-
tion. Because of the further limit imposed by the quanti-
zation of position information in the Y direction, due to 
the anode spacing, a limit of mm (fwhm) was
chosen for the Y direction.

The filter form factors and a,, are approximately 
1.0 and 4.3, respectively. The ratio should be-0.8 for an impulse signal from the detector Using
these parameters, nine subdivisions are required for the 
X direction and five subdivisions are required in the Y
direction. We chose twelve and eight subdivisions 

= 12 and =8), which allows for a larger value of
the ratio required for a long charge collection 
time, and provides convenient grouping of wires and
resistors within the subdivisions.

The choice of the time parameters and is
determined primarily by the charge collection time in 
the detector. must be long enough to collect suffi- 
cient signal charge. The signal current is induced by the
motion of positive ions from the avalanche region near
the anode wire. This current is extended in time due to a
low positive ion mobility in these high pressure gas 
mixtures. A time of 1 to is required to observe
about one half of the total avalanche charge, where the 
observed charge increases logarithmically with time. The
time constant is determined by the detector (read- 
out grid) capacitance per subdivision = and
the resistance of the chain between two adjacent
nodes (signal outputs). Since the induced charge is
increasing at the time of the (sampling) measurement, 
the division of charge on the RC line will not be
complete and there will be an error in the measured 
position. This error decreases as the measurement time 

is increased in relation to However, the effect of
electronic noise on the position resolution increases 
with eq. (2). On the basis of measurements and
calculations, we found a minimum of 1.7
for this detector, which was used in all measurements 
reported here with the values 1.4 and 2.4

Fig. 1 indicates grouping of readout grid wires into
strips which is done simply to minimize the number of
resistors in the chain. The condition for the maximum
pitch w of readout strips is where d is the
spacing between the anode readout planes, in order to
ensure a linear relation between the centroid determined 
by the linear centroid finding filter from the samples of
charge induced on the strips and the true position 
To satisfy this condition, readout grid wires are
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Fig. 7. Position resolution due to electronic noise as a function 
of the charge on the readout grids (the avalance charge is -2.5
times larger). is the length of the readout axis and is the 
number of readout subdivisions. For this detector = =
182.88 mm. In the fine resolution axis the number of readout
subdivisions 12, and the length of the readout section is 

15.24 mm. In the coarse resolution axis =8, and
22.86 mm. Solid lines represent the position resolution

calculated from eq. and the circles and 0 are the
measurement results for x and axis, respectively. 

to the resistance chain in groups of two, giving 
1.27

Thus we have the following principal parameters of
the position readout, in this case: the number of subdi-
visions = 8; dimensions of the detector ac-
tive area are 182.88 mm; the length of the
readout sections, the spacing between the nodes
(outputs) = 15.24 =22.86 mm; the
total number of readout grid wires for grid X is (6 X 2 X

+ 1)= 145 and for grid Y it is (9 X 2 X + 1) 145;
the total number of anode wires is 72; the resistance 
chain subdivisions between the nodes are 6 X 18

108 and 9 X 8.2
The noise limited position resolution measured by 

injecting charge through test capacitors into the subdivi-
sion nodes of the detector and the readout system is
presented in fig. 7. The solid lines represent calculated 
resolution for the two axis. Fwhm, 1mm is achieved
on the fine resolution axis at a charge induced in the
readout grid of 2 X e, which corresponds to an
anode avalanche charge of 5 X e in 2.4

6. Position resolution limit due to displacementof ioniza-
tion centroid 

The proton and triton products of the
reaction are emitted in opposite directions and the

emission is isotropic. Each particle produces a track of
ionization. The electrons drift toward the region of the
anode wires where an avalanche forms. The motion of
the positive ions produced by the avalanche and moving
away from the anode induces a charge distribution on
the position readout grids. The position determined for
each axis is a measure of the centroid of the distribution 
of the induced charge which, in turn, corresponds to the
centroid of the projection of the ionization distribution on
each axis. The centroid of the ionization is displaced 
with respect to the point of the nuclear reaction due to 
different energy and range of the proton and the triton. 

The spatial distribution of ionization track centroids 
for a point illumination with a flux of thermal neutrons
has the form of a spherical shell. Neglecting for the
moment all broadening, assuming a thin shell, the 
probability distribution of centroids measured along 
one axis of the detector is a rectangular function whose 
width is given by the diameter of the spherical shell.
This is illustrated in fig. 8.

The position spectrum shown in fig. 9a illustrates 
this flattened distribution. Here a 0.3 mm diameter
beam of neutrons is incident normal to the

DISPLACEMENT

X

SPHERICAL SHELL
DISTRIBUTION

a

IONIZATION LOSS

'-IONIZATION CENTROID

Fig. 8. The position resolution function due to a long range of
the charged particles from the reaction He + H+p +0.764
MeV. The centroid of the ionization charge is displaced with
respect to the point of the nuclear reaction due to different 
ionization loss of the proton and the triton. The loci of the
centroids for many neutrons are uniformly distributed on the
surface of the sphere. The resulting probability distribution in 
any one axis is a rectangular one. The effects of range strag-
gling or of electronic noise in the position readout is indicated
by dashed lines. The ionization loss curves for protons and 
tritons are shown only qualitatively. 
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Fig. 9. Measured position resolution for 2.4 A neutrons. (a) Gas 
mixture atm). Fwhm
=1.3 mm. Flattening of the top of the peak is due to ionization
charge centroid displacement (see fig. 8). (b) Gas mixture

atm). 1.9 mm.
Neutron beam scan in steps of 10.1 mm.

Furthermore, only a part of this energy results in ioniza-
tion, while the rest is spent in nonionizing collisions due
to the low energy of the triton. The centroid displace-
ment for both particles is between 0.63 and 0.75 of the
centroid for the proton ionization loss distribution alone 
which is better known. The first moment of the resulting 
ionization is displaced by about 0.6 mm from the reac-
tion point in the direction of the proton emission,
resulting in a 1.2 mm wide rectangular distribution on 
the measurement axis. It is easy to show that as long as 
the Gaussian broadening terms due to range straggling, 
gas gain fluctuations, and the electronic noise, have 
combined fwhm of less than half of the rectangular 
distribution width, the resultant width at one
mum is given only by the width of the rectangular 
distribution. A reduction in the broadening terms serves
only to sharpen the edges and not to modify the width 
at half-height. The range straggling for 573 protons
is a few percent and it has a negligible effect. The
largest effect at lower avalanche charge is due to elec-
tronic noise.

Fig. 9b shows a spectrum obtained at a lower
pressurie of 1.5 atm, with 0.5 mm diameter beam of

neutrons positioned in 10.1 mm steps. The full 
width at half maximum of 1.9 mm in this case compares
again favorably with the estimated position resolution 
function width of 2 mm.

7. Position accuracy

7.I . Integral nonlinearity

tor plane. The spectrum is a one-dimensional measure-
ment along the anode wire, in direction, with no
sorting in direction Y, normal to anode wires. The
spectrum shown was obtained at an equivalent anode 
signal charge of 9 X electrons (in 1ps). The elec-
tronic noise limited resolution (fwhm) of 0.55 mm does
not obscure the flat top of the position resolution func-
tion. The total width of the response at half height is 1.3
mm. The measurement is in reasonable agreement with
values for the first moment of the ionization track 
calculated from published stopping power data for the 
ranges of the proton and triton. As noted in section 2,
propane has a stopping power 2.7 times that of
argon. The calculated range of the 573 proton in 
2.5 atm of is 1.8 mm. The available data and
calculations for ionization loss of tritons at energies
below 191 are not consistent. The results in the
literature for the range of the 191 triton are be-
tween 0.2 and 0.5 of the proton range. Fortunately, the 
effect of this large uncertainty on the centroid is small,
since the triton has only one quarter of the total energy.

One of the virtues of this centroid finding readout 
method is the uncoupling of the magnitude of the
absolute position error from the length of the detector. 
The subdivision nodes provide a set of mechanically
defined fiducial points. Imperfections and 
ments of the individual subdivision circuits can only 
have a localized effect on position measurements. Thus
the absolute position error is independent of the detec-
tor length, and the integral nonlinearity (the absolute
position error normalized to the detector length) is 
inversely proportional to the detector length. A mea-
sured integral nonlinerity of is achieved for
the X direction for a mechanically scanned collimated
beam of thermal neutrons over the entire detector length. 
This corresponds to an absolute position error of better
than 180 pm. These measurements with a neutron 
beam are difficult, and it is possible that the accuracy of
this detector is better. The position readout was proved
to have an absolute error of less than The
errors in the positioning of readout grid wires and
anode wires are well within pm. The stability of
position calibration is inherent in this method of posi-
tion readout. The level of accuracy achieved is better by
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at least an order 'of magnitude than with other readout 
methods based on resistance electrodes or resistance
chains.

7.2. Differential nonlinearity 

Achieving a low differential nonlinearity is a more
difficult matter. Differential nonlinearity is the deriva-
tive of the position calibration curve
where is the measured position and is the true
position. Low differential nonlinearity is more or less
important, depending on the neutron scattering patterns
of interest. Patterns that are highly peaked have relaxed 
requirements compared to continuous spectra. A mea-
sure of differential nonlinearity is the departure from
flat response of a uniform illumination spectrum. Of
course, any nonuniformity of detection efficiency is also
included in this spectrum. 

This detector readout method was shown to be in-
herently continuous in nature with no discontinuities
due to subdivision. The fiducial points provided by the 
subdivision boundaries assure that differential and in-
tegral nonlinearities are only localized effects. Linear 
response is achieved within subdivisions by equalizing 
the gain and offset of the nearby subdivision's signal 
processing channels. A gain misadjustment of a few
percent will produce a localized differential nonlinearity 
of magnitude.

Fig. 10 shows a uniform illumination X direction
spectrum obtained by thermal neutrons scattered from a
vanadium target. There is no sorting in the Y direction
for this data. We note the low error in the right half of

Fig. 10. Uniform illumination spectrum in the fine resolution 
axis (parallel to the anode wires) obtained by thermal neutrons
scattered from a vanadium target. Differential nonlinearity is
within The left part of the spectrum shows the effect of 
gain differences of individual readout channels from their mean
value. The differential nonlinearity of the position readout
system at any position is given approximately by the relative 
gain misalignment of the adjacent channels.

the spectrum where the gains are properly normalized, 
and a somewhat larger error in the left region, where the 
gain of corresponding channels is not yet aligned. Dif-
ferential nonlinearity for this figure is 

7.3. Properties of position readout in the direction
orthogonal to anode wires 

Fig. l l a is a photograph of a uniform illumination 
spectrum as seen in the Y direction. The modulation,
shown more clearly by the expanded scale of fig. 1lb,
has the period of the anode wire spacing. The magni-
tude of the modulation is related to the ratio of the
anode wire spacing to the total length of the ionization 
track produced by the proton and triton reaction prod-
ucts. Increasing the relative length of the ionization 
track (by reducing the gas pressure) will increase the 
sampling by the anode and thereby reduce the modu-
lation. Increased systematic differential nonlinearity in
the Y direction is the penalty for the improved position 
resolution in the X direction. [If the anode wire spacing
is reduced, the induced charge Q, on the readout grids
decreases, resulting in increased effect of the electronic 
noise, eq. (2). To counteract this, a larger number of
subdivisions N would be necessary.]

The uniform illumination data shown were collected

Fig. 1 1 . Uniform illumination spectrum in the coarse resolution 
axis (perpendicular to the anode wires), shown for the whole
detector (a) and on an expanded scale (b). The quantizing 
effect of the anode wires on the position information is ap-
parent.
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at high dispersion to illustrate better the structure in the
spectra using a time-to-amplitude converter and a mul-
tichannel analyzer. The direct time-to-digital converters, 
which are a part of the readout system, were originally
designed [3] to provide dispersions of exactly 512 posi-
tion channels in the X direction and exactly 128 chan-
nels for Y. The performance of the timing circuits is 
adequate in terms of both integral and differential non-
linearity. The numbers of channels selected should be
consistent with the position resolution of the detector
and with the requirements for minimum processing time 
and efficient organization of two-dimensional arrays in 
the memory space. However, there is another important 
aspect in the selection of the number of channels for the
Y axis which we wish to emphasize here. The number of
channels initially selected for the Y axis (128) is not an
integral multiple of and not much larger than the num-
ber of anode wire spacings (72). This would result in a 
uniform illumination spectrum with an interference
(“beating”) effect between the periodic component of
the detector position response in the Y direction and the
(time) digitization of this response. Thus, it is essential 
in any such case to define the Y number of channels as 
an integral multiple of anode wire spacings. In the case
of this detector, the maximum number of channels
corresponding to the useful information provided in the
direction orthogonal to anode wires is twice the number
of anode wire spacings, 2 X 72 144.

A property of this readout system is that the position 
scale (in channels per unit length) is defined exactly by 
the spacing between the fiducial points (nodes on the
resistance chain), and by the use of the same clock for 
both the sampling multiplexer and the time digitizer. 
The latter should also reduce the apparent modulation
amplitude in the uniform illumination response. 

The spacing (pitch) of readout grid wires is the same 
in both coordinates and it is equal to one half of the
anode wire spacing. This, and the well-defined position 
scale provide rectangular picture elements with an in-
teger aspect ratio. 

The absolute position error in the Y direction at the
minima and maxima of the uniform illumination re-
sponse is as low as in the X direction along the whole
axis.

8. Discussion

This paper describes some recent advances in the
development of two-dimensional position sensitive de-
tectors at BNL. The detector described, while developed
specifically for certain experiments in solid state physics
and biology, illustrates in its design a complex interde-
pendence among the physical properties of the gas
mixture, the electrode geometry and the position read-
out. The lower required avalanche charge offers a wider

range of possibilities in selection of gases and of elec-
trode geometry, and it makes possible higher accuracy 
and stability of operation.

We wish to thank Dr. J.L. Alberi for many discus-
sions on neutron detectors, and Drs. B.P. Schoenborn
and S.M. Shapiro for many discussions on the develop-
ment of appropriate detectors for experiments in biol-
ogy and solid state physics, as well as for their support.
Dr. R.P. is gratefully acknowledged for devel-
opment of coating techniques used in fabrication of the
detector electrodes.

Appendix

Readout electronics

The input element of each subdivision signal process-
ing circuit is a charge-sensitive preamplifier (with FET)
with input resistance arranged to be less than
Two stages of gain, integration, a second
order gated restorer and a sample and hold circuit 
complete the signal processing chain. The realized filter 
weighting function for the induced charge on each sub-
division of the detector has the desirable bipolar 
trapezoidal form. At the measurement time, the

%-
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Fig. 12. Functional diagram of the centroid finding filter with 
response in domain

Filter impulse response is shown at the input to the zero
crossing detector. 
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Fig. 13. Complete circuit diagram of the centroid finding filter and the zero crossing detector.
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sample and hold circuit output level for each subdivi-
sion is the measure of the subdivided induced charge. 
These levels are sequentially switched into the centroid
finding filter. 

The details of the subdivision filter chain and multi-
plexer are described in ref. 3. The details of the centroid 
finding filter design are described here. 

Fig. 12illustrates a functional diagram of the centroid 
finding filter and the response at several nodes to an
impulse input signal. The delay line, an inverting
amplifier and an operational integrator (A, with feed-
back element C,), are arranged to form a single delay 
line clipping and integration as is indicated by the 
impulse response shown at the output of A,. The suita-
bly weighted sum of A, output signal, the output signal
of the delay line and the inpdt signal, is integrated by
the integrator circuit comprised of amplifier A, and
feedback element C,. The output of A, has the desired 
impulse response for centroid finding. The zero crossing 
time of the filter response is provided by the zero
crossing detector circuit and is the measure of the
centroid of the input signal. Transconductance ampli-
fiers, and G,, connected in feedback of the integra-
tor serve as restorers which are gated off during the
filtering time, Fig. 13 shows the complete schematic 
diagram of the centroid finding filter. 

Amplifier A, of the functional diagram is realized by 
a single pole amplifier with active elements through

The feedback elements are the 200 capacitor and
the 3080 transconductance amplifier restorer. The res-
torer is gated off during the “hold” time of the subdivi-
sion sample and hold circuits. The inverting amplifier 
following the delay line is realized here with active 

element Amplifier A, of the functional diagram is
formed similarly to A, and has active elements 
through The response is smoothed by the 
amplifier with active elements through

Transistors and are the active differential 
input elements of the zero crossing discriminator detec-
tor. The current steering pair, and provides the
feedback for hysterisis. The current is quiescently flow-
ing through establishing the discriminator threshold 
level. When the discriminator fires, the current is steered 
through and the threshold value is established. 
The following circuitry, D,, and output circuit with 
active elements and provide a standardized 
output signal at the time the discriminator relaxes as the

threshold is crossed. 
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